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Recently,©there©has©been©significant©interest©in ␣-synuclein,©a©protein©that©is©suspected©to©play©an essential role in the pathology of Parkinson's disease [13] . ␣-Synuclein is the major component of Lewy bodies, (for a comprehensive review, see [14] ), which are protein aggregates found in the neuronal and glial cytoplasm of patients affected with Parkinson's disease [15] , dementia [16] , and a specific variant of Alzheimer's disease [17] . Perhaps the most convincing evi-dence to date that links ␣-synuclein with the onset of Parkinson's disease is the discovery that single point mutations in the gene that codes for ␣-synuclein increases the likelihood of manifesting Parkinson's disease to 85% [18, 19] . ␣-Synuclein is found naturally in the cytosol and presynaptic terminals of neurons. A complete understanding of the biological function of ␣-synuclein remains a significant challenge. It has been shown that synelfin, an ␣-synuclein homolog found in zebra finches, is up-regulated during song-learning, which suggests that the protein is involved in neuronal plasticity [20] . Additionally, ␣-synuclein has been implicated in biochemical pathways involving neuronal cell apoptosis [21] , regulation of dopamine [22] , and molecular chaperoning [23] .
␣-Synuclein is a natively disordered protein and adopts a wide distribution of conformations [24] . Commonly used techniques to determine protein structure, such as X-ray crystallography, are inappropriate for disordered proteins like ␣-synuclein. Therefore, studies of ␣-synuclein have typically relied on techniques that report data averaged over the entire ensemble of conformations. For example, using fluorescence, UV/Vis spectroscopy and far-UV circular dichroism, Fink et al. found that metal cations bind to ␣-synuclein and accelerate fibril formation in vitro [11] . Among the most effective metals at accelerating aggregation were Al 3ϩ and Cu 2ϩ . In a separate study by Fernandez et al., the putative Cu 2ϩ binding sites were localized to near residue-specific detail using nuclear magnetic resonance spectroscopy [25] . Recently, it was shown that time-resolved fluorescence energy-transfer experiments with ␣-synuclein can effectively separate and identify unique conformations in the ensemble due to differences in inter-residue distances and contact rates [26] .
Results from these experiments have demonstrated that the protein is highly dynamic. Fast interchange between conformations occurs even among ␣-synuclein mutants where the rate of protein aggregation is significantly accelerated. Thus, it is very difficult to examine the different conformational states independently without sophisticated instrumentation and introduction of non-native fluorescence energy-transfer donor-acceptor pairs. Fortunately, separation by conformation occurs automatically in the course of electrospray (ESI) [27] MS experiments, as is discussed in more detail below.
A number of approaches utilizing mass spectrometry have been developed to examine protein structure (for a review see [28] ). Typically, these techniques use chemical reactions to label specific functional groups on the protein with covalently attached mass tags. The number of functional groups available for covalent modification is dependent on the protein conformation and the chemical environment surrounding each reactive group. This allows mass spectrometry to distinguish between different protein conformations. Perhaps the simplest covalent modification observed in conjunction with mass spectrometry to examine protein structure is protonation. Basic residues such as arginine, lysine, and histidine are expected to be protonated first, followed by protonation at other sites. The basicity of these secondary protonation sites may be enhanced by multidentate interactions with the protein backbone, which stabilizes the charge [29] . A number of reports have been published on the dependency of protein charge state distribution on conformations found in solution using ESI-MS [30 -32] . The number of charges that can be placed on a protein is dependent on its conformation and is limited by Coulombic repulsion. Indeed, recently it was reported that the charge state distribution correlates well to the surface area of a protein [33] . Nevertheless, charge state distributions report only the approximate size of a protein in an indirect fashion, meaning that only dramatic changes can be reliably ascribed to structural transitions.
Covalent chemistry can also be tailored to target specific functional groups of a protein. These reactions have been applied extensively in cross-linking studies [34 -38] , where length constraints imposed by the crosslinking reagent can provide approximate distances between reactive functional groups. Hydrogen-deuterium exchange mass spectrometry (HDX MS) is another approach to examine conformational changes in proteins [39 -42] . For example, Gross et al. found that the number of exchangeable hydrogens decreases as the concentration of Ca 2ϩ is increased up to ϳ0.25 mM, which they interpret as a tightening of the Ca 2ϩ binding domains of calmodulin [43, 44] . Reactive labeling groups can also be used to monitor protein surface structure [45] . Specific, noncovalent interactions with the side-chains of proteins can also be used to probe protein structure [46 -50] .
Selective noncovalent adduct protein probing mass spectrometry (SNAPP-MS) was recently developed to examine the structure of proteins [47] [48] [49] . The technique relies on the selective association of 18-crown-6 ether (18C6) with the side-chain of lysine [51] . The noncovalent interaction between 18C6 and lysine is weak in solution [52] , permitting sensitive sampling of the chemical microenvironment surrounding each lysine. Lysine side-chains involved in intramolecular interactions, like hydrogen bonds and salt-bridges, do not bind well to 18C6 [48] . Modulation of these interactions, due to structural rearrangements, typically changes the overall lysine availability for the protein. Once 18C6-protein complexes are transferred into the gas phase by ESI, 18C6 strongly associates with the side-chain of lysine, effectively preserving equilibrium solution phase information for subsequent MS detection [50] . The resulting mass spectra reveal a distribution of protein-18C6 complexes (or SNAPP distribution) for each charge state of the protein. Previous work suggests that the intensities and shapes of these SNAPP distributions are the result of statistical averaging of 18C6 attachment to many potential binding sites. Modulation of the lysine availability at any of these sites due to structural shifts or ligand binding will be easily observed by comparison with the unperturbed protein. In addition, sample preparation for a typical SNAPP-MS experiment is simple, requiring only addition of 18C6 and protein to a suitable solvent, followed by ESI-MS.
Herein, we demonstrate that SNAPP-MS is sensitive to conformational changes due to protein-metal interactions in calmodulin and ␣-synuclein. We have examined conformational changes in calmodulin due to Ca 2ϩ binding and found that our SNAPP-MS results agree with the known structures for apo-and holocalmodulin. For ␣-synuclein, where the effects of metal binding are not completely understood, we have examined the effect of biologically relevant (M) concentrations of copper and aluminum. We find that both copper and aluminum bind to ␣-synuclein, but only aluminum causes a significant change in the lysine availability. This change in lysine availability may reflect a shift in the conformational dynamics of ␣-synuclein to aggregateprone structures. Comparison of results with both Al 3ϩ and Cu 2ϩ reveal that the metals accelerate ␣-synuclein aggregation by independent mechanisms.
Materials and Methods
Calcium acetate (Mallinckrodt Baker, Phillipsburg, NJ), acetic acid (EMD Biosciences, Gibbstown, NJ), aluminum chloride (Sigma Aldrich, St. Louis, MO), and copper(II) chloride (Sigma Aldrich) were of analytical grade and used without further purification. Water was purified to 18.2 M⍀ resistivity using a Millipore Direct-Q (Billerica, MA). Porcine calmodulin was purchased from Ocean Biologics (Corvallis, OR). Recombinant human ␣-synuclein (rPeptide, Bogart, GA) was further purified by dialysis against H 2 O and lyophilized. Stock solutions of calcium acetate were neutralized with acetic acid before addition to protein. Samples contained 10 and 3 M protein for calmodulin and ␣-synuclein experiments, respectively. For SNAPP experiments, a concentration of 18C6 equal to two times the number of lysines was used to ensure stoichiometric excess of 18C6. For calmodulin, which has eight lysine residues, the concentration of 18C6 used was 160 M. For ␣-synuclein, which has 15 lysine residues, the concentration of 18C6 was 90 M. Replicate sample solutions were spiked with the appropriate metal cation to test for protein-ligand binding. To form holocalmodulin, the calmodulin-18C6 solutions mentioned above were spiked with Ca(OAc) 2 to give a final concentration of 25 M Ca 2ϩ . To test the effects of metals on ␣-synuclein, solutions containing both ␣-synuclein-18C6 were spiked with either AlCl 3 or CuCl 2 to give final concentrations of 3 M AlCl 3 or 100 M CuCl 2 , respectively. All samples were of neutral pH by litmus paper.
Mass spectra were obtained using an LTQ linear ion trap mass spectrometer (Thermo Fisher, Waltham, MA) equipped with a standard electrospray source. For each protein, voltages, sheath gas flow rates, and temperatures in the source region were optimized for observation of noncovalent complexes, and are similar to parameters described previously [48] . Once optimized, these parameters remained unchanged for all experiments for that protein. The following are typical source parameters: spray voltage 4.5 kV, tube lens 150 V, capillary temperature 215°C, capillary voltage 40 V. For calmodulin, the capillary temperature was raised to 285°C.
Results and Discussion

Calmodulin
The structure of calmodulin has been described as a "dumbbell" shape because it contains two globular domains bridged by an ␣ helical linker [1] . Each globular domain has two EF-hand structural motifs, which are high affinity binding sites for Ca 2ϩ ions [53] [54] [55] . Figure 1a shows the mass spectrum obtained from a solution containing apocalmodulin and 18C6. A statistical distribution of 18C6 adducts is observed for each charge state. The number of 18C6s that bind to calmodulin decreases with increasing charge state. This observation is highly unusual and would seem to indicate that more extended structures lead to reduced lysine availability. Examination of the sequence of calmodulin suggests a possible explanation. Six out of the eight lysine residues of calmodulin are adjacent in sequence to an acidic residue. This means that as the protein unfolds, each lysine remains in close proximity to an acidic residue, which can interfere with attachment of 18C6.
The most abundant peak observed for any charge state is calmodulin with no 18C6 attached even though 18C6 is present in significant excess in solution. This result is consistent with previous observations [48] , and is due to the presence of interfering intramolecular interactions restricting lysine availability. A zoomed-in view of the ϩ12 charge state is shown in Figure 1b . The peaks with asterisks are 18C6 adducts of calmodulin dimer, which is present in minor abundance. Noncovalent dimers of calmodulin have been observed previously in ESI mass spectra at similar concentrations of protein [56, 57] . These dimers have been shown to exist in solution, and are not simply an experimental artifact due to the ionization process [56] .
To test whether SNAPP-MS can detect a conformational change due to metal binding, a 2. [51] . The fractional abundance of each calcium-bound species was calculated at the concentration of total calcium and total calmodulin used in our experiments [43] . The predominant species expected in solution is calmodulin ϩ 2Ca 2ϩ (46.7%), followed by calmodulin ϩ 3Ca 2ϩ (29.6%), calmodulin ϩ 4Ca 2ϩ (15.0%), calmodulin ϩ 1Ca 2ϩ (5.8%), and apocalmodulin (2.9%). Of the total calcium in solution, only 0.8% is not bound to calmodulin. In theory, free calcium might hinder 18C6 binding to lysine; however, the concentration of free calcium in solution is over two orders of magnitude lower than the concentration of 18C6 and is therefore not expected to interfere. Figure 1c shows the ESI mass spectrum for the solution containing calmodulin, Ca 2ϩ , and 18C6. Even cursory comparison with Figure 1a reveals significant differences between the two spectra. Closer examination, as shown in Figure 1d , reveals additional peaks corresponding to Ca 2ϩ adducts. In contrast to what is expected in solution, apocalmodulin remains the largest peak in the spectrum with a maximum observed binding stoichiometry of calmodulin ϩ 3Ca 2ϩ . This discrepancy has been observed previously in ESI-MS experiments [55] and is due to loss of Ca 2ϩ during the final stages of the desolvation process. Water is an essential ligand in the Ca 2ϩ coordination shell when bound to the protein [1] ; therefore, it is not surprising that desolvation in the ESI source destabilizes Ca 2ϩ binding. Importantly, the loss of Ca 2ϩ does not lead to a substantial shift in the SNAPP distributions because there is not enough time for the protein to unfold and 18C6 to re-equilibrate before fully desolvated ions are formed. Once the protein is largely desolvated, the 18C6/lysine interaction becomes very strong and the SNAPP distribution is not likely to undergo further changes.
Additional insight can be extracted by examining adduct distributions for individual charge states. The filled bars in Figure 2 show SNAPP distributions taken from the mass spectrum for the ϩ11 through ϩ14 charge states for apocalmodulin sampled from water. ) show an increase both in intensity and number of 18C6 adducts compared to data obtained from water (filled bars). These results suggest that the solution phase conformations of calmodulin-Ca 2ϩ complexes have increased lysine availability compared with apocalmodulin. Furthermore, observation of the protein-metal complex is not required to view a conformational change using SNAPP-MS, as is easily confirmed by inspection of the isobaric filled and open bars in Figure 2 , which both correspond by mass to apocalmodulin. This is a significant advantage in using SNAPP for monitoring ligandbinding events because many protein-ligand complexes may be destabilized during desolvation, resulting in ions that are apoprotein by mass, but structurally originate from holoprotein conformations in solution.
The number of 18C6 adducts also increases with additional calcium adducts (see hatched bars in Figure  2 ). These increases are due to the greater proportion of holocalmodulin versus apocalmodulin contributing to the SNAPP distributions. For example, the [Calmodulin ϩ 1Ca 2ϩ ] ion may arise from ESI of Calmodulin ϩ 1Ca 2ϩ in solution and also loss of Ca 2ϩ from [Calmodulin ϩ nCa 2ϩ ] (n Ͼ 1), where greater structural rearrangement is expected. Thus, the peak assignment provides only a lower limit on the Ca 2ϩ stoichiometry of the calmodulin-Ca 2ϩ complex sampled from solution. Acidic residues in the EF-hand motifs of calmodulin provide six out of the seven essential oxygen ligands to bind Ca 2ϩ . In the absence of Ca 2ϩ , these acidic residues may be hydrogen-bonded or salt-bridged to nearby positively charged residues such as lysine and arginine. To examine whether addition of Ca 2ϩ changes intramolecular interactions involving lysine, we compared the X-ray crystal structures of apocalmodulin and holocalmodulin. Table 1 lists the average nearest heteroatom distance measured for each lysine. These distances are a coarse measure of the local environment surrounding each lysine. If a hydrogen bond acceptor is within ϳ3Å of a lysine, 18C6 attachment will likely be hindered. In particular, it has been demonstrated previously that lysines in salt-bridges are unavailable for 18C6 attachment [48] . The average nearest heteroatom distance for every lysine either increases or remains unchanged upon addition of Ca 2ϩ , except for Lys30, which decreases from 3.70 to 2.91 Å. Based on this analysis, an increase in lysine availability is expected for holocalmodulin compared with apocalmodulin (in agreement with the experimental results). Closer inspection of the crystal structure for apocalmodulin reveals that two lysines, Lys21 and Lys94, are salt-bridged to E31 and E104, respectively, which are residues involved in Ca 2ϩ binding. Addition of Ca 2ϩ displaces lysine, which should increase lysine availability. In fact, closer examination reveals that the intramolecular interactions for Lys21 and Lys94 change significantly. Zoomed-in views of Lys94 in the crystal structures for apo-and holocalmodulin are shown in Figure 3 and highlight the changes in side-chain interactions due to calcium binding. Instead of being salt-bridged to E104 in the apo structure as seen in Figure 3a , Lys94 is freely available for 18C6 attachment in the holo structure (Figure 3b ). Lys21 is no longer salt-bridged to E31 in holocalmodulin. Instead, Lys21 is hydrogen-bonded to the side-chain of Thr29, which is also expected to be less competitive towards 18C6 binding. The changes observed in these X-ray structures are consistent with our observation that lysine availability increases upon Ca 2ϩ binding and is further evidence that SNAPP-MS samples solution phase structure. Increases in lysine availability due to the presence of metal may be an indication that the metal binding chemistry involves acidic side-chains. However, further work would be required to confirm this hypothesis.
␣-Synuclein
An important question in the pathology of Parkinson's disease is how normally benign ␣-synuclein proteins aggregate. An existing theory paralleled in other amyloidogenic diseases, such as Alzheimer's disease [12] , is that a conformational change occurs due to metal ligand binding [59, 60] . Fink et al. demonstrated that out of 15 metal cations studied, Al 3ϩ accelerated fibril formation the most and caused conformational changes detectable by intrinsic protein fluorescence and far UV-circular dichroism [11] . The acidic C-terminal domain was proposed as the binding site for Al 3ϩ . Metal binding is thought to interfere with autoinhibitory interactions between the N-and C-termini, which protect the central hydrophobic domain from interacting with other ␣-synuclein proteins to form oligomers [10, 61] . Although this result is a significant step in understanding the metallochemistry of ␣-synuclein, the biological relevance of the high Al 3ϩ concentrations (0.1-1 mM) required to induce observable changes in conformation and fibril formation is questionable [62] .
We have examined whether ␣-synuclein binds Al 3ϩ by comparing 18C6 attachment to ␣-synuclein in the presence and absence of Al 3ϩ in solution. Figure 4a shows the mass spectrum of ␣-synuclein and 18C6 in water. SNAPP distributions for the ϩ13, ϩ16, ϩ17, and ϩ18 charge states of ␣-synuclein in water are shown in Figure 5 (filled bars). The maximum number of 18C6s attached is eight, about half (8/15) of the lysines present in the amino acid sequence of ␣-synuclein. Cytochrome c, which is similar to ␣-synuclein in molecular weight and number of lysines, binds only three 18C6s under similar conditions [48] , presumably due to higher order structure that prevents 18C6 attachment. The 18C6 distribution for the ϩ13 charge state has maximal intensity at 13-1, or protein with two adducts attached. At higher charge states, the distributions shift to higher numbers of 18C6s. We can quantitatively compare the distributions by calculating the average number of 18C6s bound. For the ϩ13 charge state, the average number of 18C6s attached is 2.16 Ϯ 0.04. Higher charge states have a higher number of 18C6s bound, which are given in parentheses: ϩ16 (2.81 Ϯ 0.05), ϩ17 (2.66 Ϯ 0.03), ϩ18 (2.50 Ϯ 0.05). Interestingly, the 18C6 binding reaches a maximum at the ϩ16 charge state and then decreases slightly with increasing charge. These data suggest that the conformations populated in these charge states have different lysine availabilities, and imply the existence of a heterogeneous ensemble of conformations in solution. Assuming that conformations have varying propensities towards protonation due to differences in repulsive Coulombic interactions, the 18C6 distributions that are resolvable by charge state represent different dynamic states of the protein.
The wide charge state distribution observed for ␣-synuclein (from ϩ11 to ϩ20) is also consistent with a heterogeneous population of conformers. However, changes to the 18C6 distributions upon metal binding shown below reveal that these 18C6 distributions are more sensitive structural probes than examining charge states alone. Indeed, addition of metal cations does not significantly change the charge state distribution of the protein, but does significantly affect the 18C6 distributions.
ESI-MS of ␣-synuclein and 18C6 in the presence of 3 M Al 3ϩ does not produce any observable Al 3ϩ adducts in the gas phase, as seen in Figure 4b . The absence of protein-metal complexes in the gas phase does not preclude their presence in solution, due to destabilization of protein-metal complexes during desolvation. However, we are still able to monitor the effects of Al 3ϩ by examining the 18C6 distributions for the apo ␣-synuclein ion. At 3 M Al 3ϩ , we observe that the 18C6 distributions for ␣-synuclein dramatically shift towards more adducts, as shown in the hatched bars in Figure 5 . However, the magnitude of the increase is charge state-dependent. The average number of 18C6s that bind to ␣-synuclein in the presence of Al 3ϩ are as follows: ϩ13 (2.56 Ϯ 0.04), ϩ16 (3.72 Ϯ 0.03), ϩ17 (3.59 Ϯ 0.01), ϩ18 (3.46 Ϯ 0.01). Like in water, 18C6 binding reaches a maximum at the ϩ16 charge state. For the ϩ16, ϩ17, and ϩ18 charge states, addition of Al 3ϩ increases the average number of 18C6s by approximately one. The ϩ13 charge state is affected less by Al 3ϩ , having an increase of ϳ0.4 only. These results suggest that the effect of Al 3ϩ binding on the structure of ␣-synuclein varies as a function of conformational state. It is known that accelerated fibril formation occurs by favoring a partially folded intermediate that is on-pathway to aggregation [11] . Our results suggest that increased aggregation by Al 3ϩ may be due to structural perturbations to only a fraction of ␣-synuclein conformations. These results are also consistent with attachment to the C-terminal domain, where Al 3ϩ binding may displace lysines involved in intramolecular interactions with acidic side-chains. The absence of arginine residues in ␣-synuclein means that any intramolecular salt-bridge interaction will most likely involve an acidic residue and lysine. Interestingly, 11 out of the 15 lysines of ␣-synuclein reside on the N-terminal domain, while 15 out of 24 acidic residues are on the C-terminal tail. The SNAPP results with Al 3ϩ are consistent with a model where transient interactions occur between the acidic C-terminal tail and lysine side-chains on the N-terminal portion of the protein. These long-range contacts have been proposed previously, and are thought to protect the central hydrophobic domain of ␣-synuclein from intermolecular interactions that lead to aggregation [60] . Binding of 
Al
3ϩ to the acidic domain prevents these transient salt-bridges, effectively increasing the availability of the lysine side-chains towards 18C6 attachment.
Copper(II) ions also accelerate fibril formation of ␣-synuclein [11] . Cu 2ϩ was found in previous work to interact with the N-terminal domain of ␣-synuclein [25] . Specifically, there is evidence that Cu 2ϩ binds to His50 and at least one other nitrogen ligand, provided either by the amide backbone or by the N-terminus. ␣-Synuclein also contains multiple nonspecific Cu 2ϩ binding sites with low affinity located on the C-terminal domain [25, 63] .
ESI-MS of protein, 18C6, and 100 M Cu 2ϩ in water produces peaks corresponding to mixed complexes of ␣-synuclein, 18C6, and Cu 2ϩ . The corresponding mass spectrum is shown in Figure 4c . Here, the interactions between ␣-synuclein and metal are retained in the gas phase. ␣-Synuclein ϩ Cu 2ϩ is the dominant copper adduct in the mass spectrum, consistent with a single high affinity binding site. The SNAPP distributions for the [␣-synuclein ϩ 1Cu 2ϩ ] ion are shown in open bars in Figure 5 . Comparison with the distributions from ␣-synuclein in water reveals that protein complexation with Cu 2ϩ changes the 18C6 adduct distributions slightly, but these differences are within error for most peaks, suggesting that the ␣-synuclein conformations in both solutions are structurally similar. More information is revealed by examination of the shapes of the 18C6 distributions. For the ϩ13 and ϩ17 charge states, the 18C6 distributions for ␣-synuclein ϩ 1Cu 2ϩ are less intense compared with ␣-synuclein. The ϩ16 charge state shows little change, while distributions for the ϩ18 charge state increase compared with the distributions for ␣-synuclein. Lower concentrations of copper produced SNAPP distributions with no significant deviations from the SNAPP distributions obtained in water. These results suggest that 18C6 binding is unaffected by differences in ionic strength at these concentrations of metal ion. In addition, copper adducts are no longer observed at low M concentrations.
The limited effect of copper on the SNAPP distributions indicates that copper does not significantly affect the lysine availability of ␣-synuclein. Possibly copper causes a substantial structural rearrangement which leads to no net change in lysine availability and is therefore difficult to detect. This explanation is deemed unlikely due to the high sensitivity of SNAPP to structural change. The results are more consistent with a scenario where copper attachment does not play a significant role in altering the structure of monomeric ␣-synuclein. Since copper is known to facilitate fibril formation, this suggests that copper may serve to stabilize higher order aggregates, which might otherwise dissociate back into monomeric form. This hypothesis is consistent with previous observations demonstrating that the hydrodynamic radius of the protein and the chemical shifts of the backbone amide groups do not change upon Cu 2ϩ binding [25, 60] . Additionally, no changes in secondary structure are observed in the far UV-circular dichroism spectrum [64] .
Conclusions
The interactions between Ca 2ϩ and calmodulin were explored with SNAPP-MS. The SNAPP distributions revealed a significant conformational change due to Ca 2ϩ binding, resulting in an increase in the overall intensity and number of 18C6 adducts attached to calmodulin. Inspection of the crystal structures for apoand holocalmodulin suggests that Lys94 and Lys21 are key residues in producing the observed increase in lysine availability. Importantly, structural changes are still detected in the SNAPP distributions even when the calcium adducts are lost during ESI, meaning that gas-phase retention of the solution-phase ligand is not required. In general, this example reveals that SNAPP-MS is an excellent method for probing ligand binding events that involve structural rearrangement of the host protein.
In addition, SNAPP-MS was used to examine the less established metal binding properties of ␣-synuclein. Our results demonstrate that ␣-synuclein undergoes significant structural changes in the presence of biologically relevant concentrations of Al 3ϩ [61] . Interestingly, there is a charge state dependence on the magnitude of the structural change, suggesting that select conformations of ␣-synuclein are affected more substantially than others. These results give rise to the hypothesis that aluminum-induced acceleration of fibril formation may proceed through only a limited set of conformations. Additionally, experiments with Cu 2ϩ suggest that significant structural changes do not occur upon Cu does not perturb the conformational dynamics of ␣-synuclein. We propose that Cu 2ϩ binding may only stabilize the structure of higher order aggregates without significant impact on the monomer. However, Al 3ϩ clearly causes a significant perturbation in the conformations adopted by monomeric ␣-synuclein, which may enable aggregation by essentially generating aggregate prone monomers.
